Kobuviruses (KoVs) are small non-enveloped RNA viruses belonging to the genus *Kobuvirus*, family *Picornaviridae*. The KoV genome is a polyadenylated, single-stranded, positive-sense RNA of 8.2 to 8.4 kb in length, encoding a single polyprotein of approximately 2,432-2,488 amino acids (aa) that is cleaved by the virus-encoded protease to produce a leader protein (L), three structural proteins (VP0, VP3, and VP1), and seven non-structural proteins (2A to 2C and 3A to 3D). Based on sequence comparisons and phylogenetic analysis of the full-length genome, KoVs segregate into at least three species: *Aichivirus A* (formerly *Aichi virus*), *Aichivirus B* (formerly *Bovine kobuvirus*) and *Aichivirus C* (porcine kobuvirus) \[[@CR1]\]. Human Aichi virus (AiV) A846/88/JP, the prototype strain of the species *Aichivirus A,* was first recognized in 1989 as the cause of oyster-associated non-bacterial gastroenteritis in humans in Aichi Prefecture, Japan \[[@CR2]\]. Since then, several worldwide investigations have revealed that AiV is involved in 0.9-4.1% of sporadic cases of pediatric gastroenteritis \[[@CR3]\].

In 2011, KoVs genetically closely related to human AiV were identified in dogs in the USA by metagenomic investigation of the canine fecal virome \[[@CR4], [@CR5]\]. Full-genome sequencing, showed that the predicted amino acid sequences of canine KoVs and human AiVs were 79.0-80.0% identical to each other. According to the criteria established by the International Committee on Taxonomy of Viruses (ICTV) (<http://www.picornastudygroup.com>), the canine KoV (CaKoV) was classified as a distinct genotype (CaKoV type 1) from human AiV (AiV type 1) within the species *Aichivirus A* \[[@CR6]\]. Since their first identification, CaKoVs have been identified in several countries in Europe, the Americas, Africa and Asia \[[@CR7]--[@CR13]\]. Interestingly, similar viruses have been identified recently in the feces of red foxes in Italy, with a prevalence rate of 14.7% \[[@CR14]\], and in stool samples from a golden jackal, a side-striped jackal, and a spotted hyena in Africa \[[@CR12]\], suggesting that CaKoVs are present in both wild and domestic carnivores. In order to draw a more complete picture of the host-species spectrum of kobuviruses, a surveillance study was initiated by screening fecal samples collected from wolves. Between February 2015 and April 2017, individual rectal swabs were collected from 41 wolves that had been found dead and submitted for necropsy analysis to the National Reference Center for Wild Animal Diseases (CeRMAS) and Torino University, as required by the Wolf Sanitary Surveillance Program established among the regions of Liguria, Piemonte and Valle d'Aosta (Italy). Thirty-three of the carcasses were found in Piemonte, five in Liguria and three in Valle D'Aosta. The most common cause of death (35 free-ranging animals) was trauma, followed by organ rupture and exsanguination. In six wolves, the cause of death remained undetermined due to severe postmortem decomposition. Also, a total of 144 wolf faecal samples were collected from November 2014 to December 2016 along systematic transects in areas of known transit of wolf packs located in the Piemonte region.

To assess the presence of KoVs RNA, the samples were screened using a broadly reactive primer pair, UNIV-kobu-F/UNIV-kobu-R, which amplifies a 217-bp fragment of the 3D region of all kobuviruses, as described previously \[[@CR15]\]. In the samples yielding amplicons of the expected sizes, the presence of CaKoVs was confirmed using the specific primers CaKoV/F and CaKoV/R, targeting a 504-bp fragment of the 3D region \[[@CR8]\], and primers VP1-F (5'-GCGGGCGAATCCTTCAAC-3') and VP1-R (5'-GCGACCTTTCGGAGCGCC-3') to amplify the region encoding the capsid protein VP1 (834 bp) \[[@CR14]\].

All of the samples were screened for canine parvovirus (CPV-2) \[[@CR16]\], canine adenoviruses (CAdV-1 and CAdV-2) \[[@CR17]\], canine enteric coronavirus (CCoV) \[[@CR18]\], canine distemper virus (CDV) \[[@CR19]\], feline caliciviruses (FCVs) \[[@CR20]\] and noroviruses (NoVs) \[[@CR21]\] by conventional PCR or RT-PCR. All of the amplicons were purified using a QIAquick Gel Extraction Kit (QIAGEN GmbH, Hilden, Germany) and sequenced directly using BigDye Terminator cycle chemistry and a 3730 DNA Analyzer (Applied Biosystems, Foster City, CA). RT-PCR products for which sequences were not obtained by direct sequencing were cloned into pCR2.1 vector (Invitrogen, Ltd, Paisley, UK). Basic Local Alignment Search Tool (BLAST; <http://www.ncbi.nlm.nih.gov>) and FASTA (<http://www.ebi.ac.uk/Tools/sss/fasta/>) with default values were used to find homologous hits. Multiple alignments were performed using the commercially available Geneious software package version 9.1.6 (Geneious software package vers. 9, Biomatters, New Zealand, <http://www.geneious.comBiomatters>). A phylogenetic tree (neighbor joining and p-distance model) with bootstrap analysis (1,000 replicates) was constructed by using the MEGA software package, version 3.0 \[[@CR22]\].

Out of 41 faecal specimens collected from necropsied animals, two (4.9%) were found to contain KoV RNA when using the primer set UNIV-kobu-F/UNIV-kobu-R \[[@CR15]\] and the primer sets CaKoV/F-CaKoV/R and VP1-F/R \[[@CR8], [@CR14]\]. One additional specimen contained CPV-2 DNA. CaKoV RNA was detected in a 20-month-old female animal (strain CaKoV/6W/ITA from Piemonte) and in a 7-year-old male adult (strain CaKoV/125W/ITA) from Liguria. CPV-2 was identified in a 1-year-old female animal in Liguria (strain CPV/13W/ITA). None of the CaKoV- or CPV-2-infected animals showed macroscopic lesions indicative of enteritis at necropsy. When screening faecal specimens collected from transects, two samples collected in Piemonte were found to be positive for CAdV-2 DNA (2/144; 1.38%). The RNA of CCoV, CDV, FCV and NoV was not detected in rectal swabs collected from necropsied wolves or in transect faecal samples. Sequence analysis of the partial 3D region amplified using the CaKoV-specific primers showed that the two wolf strains shared the closest sequence identity (93.0%) to CaKoVs that had been identified previously in foxes in Italy \[[@CR14]\]. Their nucleotide sequences were 89.0-90.0% identical to those of Italian CaKoV strains detected in dogs \[[@CR8]\]. Sequence comparison of the full-length VP1 genes showed that strains 6W/ITA and 125W/ITA (GenBank accession numbers MF356367-8) displayed 94.5% nt sequence identity to each other and were most closely related genetically (91.4-93.5% nt sequence identity) to the CaKoV strain UK003 detected in a canine faecal sample in the UK \[[@CR7]\] and to fox strains detected in Italy \[[@CR14]\]. The nucleotide sequence identity to CaKoVs from golden jackal, side-striped jackal and spotted hyena stool samples \[[@CR12]\] ranged from 89.0 to 91.1%, whilst the identity to strains detected in domestic dogs in the USA, Africa, China and Japan ranged from 82.4 to 91% (Table [1](#Tab1){ref-type="table"}). Neighbor-joining phylogenetic analysis was performed with a selection of full-length VP1 sequences available in the databases that are representative of the genus *Kobuvirus*. Based on inspection of the tree (Fig. [1](#Fig1){ref-type="fig"}) and according to the pairwise homology and distance analyses, CaKoV sequences were found to segregate in at least three different genetic clusters. One group included CaKoV strains detected in dogs in China. Another group included three CaKoV strains detected in canine stool samples from Korea \[[@CR10]\] and the USA \[[@CR4], [@CR5]\]. The wolf CaKoV strains detected in this study segregated within a third genetic group, along with canine strains found in the UK \[[@CR7]\] and in Africa \[[@CR12]\] and with CaKoV sequences detected in foxes \[[@CR14]\], a golden jackal, a side-striped jackal, and a spotted hyena \[[@CR12]\]. Overall, these findings indicate that genetically closely related strains circulate in both domestic and wild carnivores, suggesting limited host-species restriction for these viruses among the various carnivores and various ecosystems. Indeed, a high similarity was found between the wolf strains and viruses identified in red fox samples collected between September 2009 and May 2013 in the same Italian regions \[[@CR14]\]. Similar results were obtained when comparing CaKoV sequences found in stool samples from dogs and wild carnivores in Africa \[[@CR12]\]. This geographically related pattern also suggests that some wild animal species might act as a KoV reservoir for domestic carnivores.Table 1Nucleotide sequence identities in the VP1 gene of the strains Wolf/125W/ITA and Wolf/6W/ITA to other CaKoVs detected in dogs and wild carnivoresMF356367/Wolf/125W/ITAMF356368/Wolf/6W/ITAMF356367/Wolf/125W/ITA94.5%MF356368/Wolf/6W/ITA94.5%KC161964/Dog/003/UK93.3%93.5%KF781164/Fox/14V/ITA91.6%91.5%KF781165/Fox/18V/ITA91.6%91.4%KF781166/Fox/26V/ITA91.8%92.0%KF781163/Fox/8V/ITA92.6%92.3%KM068051/Spotted hyena/Tanzania90.4%91.1%KM068050/Golden Jackal/Tanzania89.4%89.7%KM068049/Side-striped Jackal/Tanzania89.0%89.4%AB861494/Dog/Y12/Japan90.5%91.0%KM205027/Dog/DD22/Tanzania89.6%90.4%JN387133/Dog/AN211D/USA88.0%88.5%JN088541/Dog/US-PC0082/USA88.2%88.8%KU513557/Dog/SD2015-3/CH83.9%84.5%MF062174/Dog/SMCQ-M9/CH83.8%84.2%KU513558/Dog/FJ2015-4/CH84.4%84.8%MF062172/Dog/SMCD-25/CH82.4%83.2%JQ911763/Dog/CH-1/CH85.2%85.2% Fig. 1Neighbor-joining phylogenetic tree based on the VP1 gene (\~ 800 nt) of the CaKoV strains detected in wolves. The tree was generated using the neighbor-joining method and p-distance correction, with statistical support provided by bootstrapping with 1000 replicates. The scale bar indicates nucleotide substitutions per site. The CaKoV sequences detected in wolves in this study are indicated

Several pieces of historical evidence indicate that wolves and domestic dogs are exposed to common viral infections. In our investigation, this hypothesis was supported by the identification of CPV-2 DNA in a dead adult. Also, two additional stool samples collected from transects were positive for CAdV-2. Circulation of CPV-2 in Italian wolf populations has already been described \[[@CR23]\]. Conversely, to our knowledge, this is the first report demonstrating the presence of CAdV-2 in wolf stool samples, whilst CAdV-2 has been already detected in free-ranging red foxes in Italy \[[@CR24]\]. Importantly, the clinical relevance of CaKoVs still remains unclear. Epidemiological investigations worldwide have revealed that CaKoVs are common in both symptomatic and asymptomatic dogs \[[@CR4], [@CR5], [@CR7]--[@CR13]\]. The prevalence of CaKoV infections in dogs with clinical signs of gastroenteritis has been estimated to vary from 1.3% \[[@CR7]\] to 50.6% \[[@CR9]\]. In a previous molecular investigation conducted in Italy \[[@CR8]\] on diarrhoeic and healthy young dogs, CaKoVs RNA was identified only in animals with signs of gastroenteritis, either as a single infection or in combination with CCoV and/or CPV, with an overall prevalence rate of 4.37%. Interestingly, CaKoV RNA has also been detected in the liver, lung, brain, and tonsils of a 5-month-old puppy with severe enteritis in coinfection with CDV and CAdV-1 \[[@CR25]\], indicating that, in some cases, the virus can spread to and/or replicate in extraintestinal sites.

The presence of CaKoV in healthy dogs has been documented in several studies \[[@CR5], [@CR12], [@CR13], [@CR26]\]. In a Japanese study \[[@CR13]\], CaKoV was found in 35 of 94 diarrhoeic household dogs (37.2%) and 24 of 50 healthy kennel dogs (48.0%), with no significant differences (*P* \> 0.05) between the two cohorts. In our analysis, CaKoV was detected in two adult wolves that most likely died after traumatic events, without apparent pathological lesions in the enteric tract. Similarly, CaKoVs have been identified in apparently healthy foxes in Italy and in asymptomatic wild carnivores in Tanzania \[[@CR12], [@CR14]\]. Accordingly, epidemiological investigations have not been able thus far to gather conclusive information, and it is unclear whether KoVs play a role as enteric pathogens. Asymptomatic viral infections might be due to host-related factors, including genetic resistance and acquired immunity, and to virus-related factors, i.e., phenotype variations among the various viral strains.

In the light of the results obtained in this study, CaKoV should be considered a potential constituent of the wolf enteric virome. As wild animals can serve as reservoirs for a number of viral pathogens of domestic animals and humans, or vice versa, understanding the ecology of viruses requires monitoring of populations of wildlife in an integrated manner.
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